MicroRNAs (miRNAs) have attracted attention because of their key regulatory functions in many biological events, including differentiation and tumorigenesis. Recent studies have reported the existence of a reciprocal regulatory loop between the family of let-7 miRNAs and an RNA-binding protein, Lin28, both of which have been documented for their important roles during cell differentiation. Hence, using bipotent K562 human leukemia cells and human CD34 þ hematopoietic progenitor cells as research models, we demonstrate that let-7 and Lin28 have contrary roles in megakaryocytic (MK) differentiation with a dynamic balance; expression of miR-181 is capable of effectively repressing Lin28 expression, disrupting the Lin28-let-7 reciprocal regulatory loop, upregulating let-7, and eventually promoting MK differentiation. However, miR-181 lacks a significant effect on hemin-induced erythrocyte differentiation. These results demonstrate that miR-181 can function as a 'molecular switch' during hematopoietic lineage progression specific to MK differentiation, thus providing insight into future development of miRNA-oriented therapeutics.
Let-7 is the second microRNA (miRNA) that was discovered after lin-4, and it has been shown to have roles in modulating the multiple stages of development in Caenorhabditis elegans and Drosophila. 1 Often, multiple copies of let-7 are present in a genome, which results in the transcriptional difference between organisms, although mature let-7 is highly conserved across species from worms to humans. 2 In C. elegans, temporal regulation of let-7 occurs at the transcription level, [3] [4] [5] and expression of primary (pri-) and precursor (pre-) let-7s occurs concurrently with the appearance of mature let-7 at a later developmental stage. 5, 6 In mammals, mature let-7s are undetectable in embryonic stem cells until differentiation, and are highly expressed in various adult tissues. [7] [8] [9] Lin28 is a conserved cytoplasmic protein that regulates developmental timing in C. elegans. 10 In mammals, Lin28 is a pluripotent marker that is ubiquitously expressed in embryonic stem cells. Likely, Lin28 functions in a manner opposing let-7 in cell differentiation. Studies identified that Lin28 maintains cell pluripotency partially by repressing the biogenesis of mature let-7. 8, 9, 11, 12 When combining the conserved 'GGAG' motif within the terminal loop of pre-let-7, Lin28 recruits terminal uridylyl transferase-4 (TUT4) to add uracil to the 3 0 end of pre-let-7. This modification results in pre-let-7 degradation and blockade of let-7 maturation. 11, 12 However, a recent report demonstrated that let-7 is also capable of promoting neural stem cell differentiation by repressing the expression of Lin28. 13 These findings imply a reciprocal regulatory interaction between let-7 and Lin28 during cell differentiation.
In this study, we consider the Lin28-let-7 regulatory loop as a feedback circuit in the process of differentiation. We hypothesize that Lin28 is dominantly expressed and represses the maturation of let-7 in stem or progenitor cells. When differentiation occurs, let-7 will be upregulated and further repress Lin28 expression to maintain differentiation. Given that such a loop exists in balance, it is unknown how it would be disrupted when differentiation is initiated and whether an initial 'molecular switch' promptly relieves the inhibitory effect of Lin28 on let-7. Therefore, we select hematopoiesis as a research model and explore the qualification of miRNAs as such a 'switch'. Our results show that miR-181 promotes megakaryocytic (MK) differentiation by breaking down the regulatory barrier of Lin28 on the maturation of let-7, suggesting that miR-181 may have a 'trigger' role in promoting MK hematopoiesis.
Results
The interaction of Lin28 with let-7 influences MK differentiation. Lin28 is known to inhibit let-7 maturation, and let-7 can inversely repress Lin28 expression. Both have been shown to have key roles in cell differentiation and development, 14, 15 but no reports have discussed their co-effects on hematopoiesis to date. In this study, we first examined whether Lin28 can repress MK differentiation by using a well-established model, bipotent K562 human leukemia cells induced by phorbol-12-myristate-13-acetate (TPA). 16 After constructing a green fluorescent protein (GFP) fusion protein and successfully expressing Lin28 in K562 cells (Supplementary Figure S1) , we induced MK differentiation by incubating the cells with TPA for 36 h. CD41 and CD61 are the integrin complexes on the cell surface, and their expressions are key signs of megakaryocytopoiesis. 16 Flow cytometry results showed that Lin28-K562 cells had less CD41/61-positive cells than control cells (35.4% versus 46.8%; Figure 1a ). In parallel, let-7a, b, c, and d were significantly downregulated (Po0.05) in cells overexpressing Lin28 (Figure 1b ). These results demonstrate that Lin28 repressed MK differentiation as well as expression of mature let-7s.
It is known that Lin28 can bind to the 'GGAG' motif within the terminal loop of pre-let-7 to inhibit the maturation of let-7. 12 In order to eliminate the post-transcriptional control of Lin28, we strategically mutated this binding motif on pre-let-7a-1 by substituting CCGC for GGAG (Supplementary Figure S2A) . The modified transcript was transfected into K562 cells through a lentivector, and quantitative real-time PCR (qRT-PCR) results demonstrated upregulation of mature let-7a (Supplementary Figure S2B) . Consequently, elevated let-7a resulted in the decline of Lin28 at mRNA and protein levels (Supplementary Figures S2C and D) , which is consistent with the previous report. 13 Moreover, let-7b, c, and d were sequentially upregulated resulting from repression of Lin28 by let-7a (Supplementary Figure S2E) .
As stated earlier, upregulation of mature let-7 is one of the signs of cells developing to adult tissues. [7] [8] [9] Here, we will investigate the function of let-7 prompting hematopoietic differentiation. After TPA treatment for 36 h, let-7a-transfected K562 cells showed higher CD41/61-positive rate than control cells (55.9% versus 46.8%; Figure 1c ). By adopting specific ). CD41 and CD61 were assessed by flow cytometry after 60 h of TPA treatment when the let-7 inhibitor was optimized to have the maximal inhibitory effect (CD41/CD61-positive rate is computed by adding the rates of CD41 þ , CD41 þ /CD61 þ , and CD61 þ ). The error bars represent standard deviation (S.D.). t-tests were used for statistical analysis; * indicates Po0.05. RQ stands for relative quantitation and NC means non-target control inhibitors, we successfully downregulated let-7a expression over two-fold in K562 cells ( Figure 1d ). As expected, western blot results showed that expression of Lin28 increased accordingly ( Figure 1e) . Moreover, the let-7a inhibitor significantly retarded MK differentiation in K562 cells. The positive rate of CD41/61 in K562 cells transiently transfected with the let-7a inhibitor was 61.4% compared with that in the non-target oligo-transfected control cells, which was 83.8% (Figure 1f) . These results suggest that the Lin28-let-7 regulatory loop may be an important mechanism to modulate MK differentiation during hematopoiesis.
Lin28 is the direct target of miR-181. According to TargetScan, an online miRNA target prediction interface, 17, 18 Lin28 is one of the putative target genes of miR-181a and b; both miRNAs have an identical seed sequence complementary to the binding site on the 3 0 -UTR of Lin28. Using luciferase reporter assay, we demonstrated that Lin28 is the direct target of miR-181a. First, we constructed wild-type and mutant Lin28 3 0 -UTR fragments (Figure 2a) , and cloned them into pMIR-REPORT vectors. Second, we co-transfected Lin28 constructs and miR-181a mimics into HCT116 cells, a colorectal cancer cell line used intensively in our lab. Overexpression of miR-181a significantly decreased the luciferase activity of the reporter containing the wildtype 3 0 -UTR of Lin28 by approximately 60% (Po0.05) when compared with the mutant form and the controls (Figure 2b) . To examine the effect of miR-181a to directly suppress expression of Lin28, we transfected miR-181a into K562 cells using the lentivector. Human ovarian cancer PA-1 cells with endogenous Lin28 were used as the second model to duplicate the interaction between miR-181a and Lin28. Figure 2c illustrates an upregulation of miR-181a and a dramatic decrease in the stability of Lin28 mRNA in both K562 and PA-1 cells, as measured by qRT-PCR assays. The suppressive effects of miR-181a on the expression of Lin28 are also confirmed by western blotting (Figure 2d ). Given that Lin28 inhibits the maturation of let-7, overexpression of miR-181a should indirectly promote the expression of mature let-7 resulting from the decline of Lin28. As expected, our results show an upregulation of the let-7 family in miR-181a-K562 cells when compared with the control cells (Figure 2f ), supporting that miR-181 has the potent capability of disrupting the Lin28-let-7 regulatory loop.
The expression patterns of miR-181, let-7, and Lin28 during MK differentiation in both K562 and CD34 þ HPCs. Using the K562-TPA model, we investigated the successive changes of endogenous miR-181, let-7, and Lin28 to study their interactions during MK differentiation. First, using flow cytometry, we monitored CD61 expression in K562 cells after TPA treatment and results showed that CD61 increased immediately after 0 h till peaking at 72 h ( Figure 3a) . Second, we examined expression of miR-181a and b by qRT-PCR and found that both miRNAs reached their peaks at 24 and 48 h, respectively ( Figure 3b ). As upregulation of miR-181 is capable of inhibiting the expression of Lin28, we found that Lin28 expression significantly decreased at 24 h and became undetectable by western blotting after 48 and 72 h of TPA treatment ( Figure 3c ). let-7a, c, and d were upregulated at 48 h, and levels peaked at 72 h, although let-7b showed minimal alteration throughout the time course (Figure 3d ). These results show the successive changes of miR-181, Lin28, and let-7 during MK differentiation.
We noticed that upregulation of let-7 family was obviously retarded when compared with relevant changes of miR-181 and Lin28 in K562 cells induced to MK differentiation. We think that it may be attributable to Lin28b, which is the homolog of Lin28 and also inhibits the maturation of the let-7 family. K562 cells were known to express both Lin28 and Lin28b, and knocking down Lin28b was shown to elevate the level of mature let-7 and promote K562 cell-to-MK differentiation. 19 Unlike let-7, miR-181a cannot repress the expression of Lin28b (Figure 3e ). Therefore, when Lin28 and Lin28b together block let-7 maturation in K562 cells, miR-181 downregulating Lin28 weakens this inhibitory effect and leads to upregulation of mature let-7. The accumulated mature let-7 gradually relieves the blockade of both Lin28 and Lin28b on its maturation, which results in increase of let-7 in a postponed manner. Figure 3f shows that the decline of Lin28b in K562 cells occurred after 48 h of TPA treatment when let-7 began to increase steeply. These results strongly support our hypothesis that elevated miR-181 is capable of acting as a 'molecular switch' to disrupt the feedback loop between Lin28 and let-7 by first downregulating Lin28 and then upregulating mature let-7.
Human umbilical cord blood CD34 þ progenitor cells (HPCs) treated with a CC220 cytokine cocktail were used to validate the results obtained from the K562-TPA model. CC220 contains a combination of recombinant human cytokines (thrombopoietin, stem cell factor, IL-6, and IL-9) formulated to direct the specific expansion of MK progenitors and the production of MK and platelets in cultures of human hematopoietic cells. Our results showed that CD61 expression peaked at day 12 during the time course of the CC220 treatment (Figure 4a ), whereas miR-181a and b had the highest expression levels on days 6 and 9, respectively (Figure 4b ). Lin28 and Lin28b reached their lowest levels on days 12 and 15 ( Figure 4c) ; the let-7-family expression peaked by the end of day 15 ( Figure 4d ). Here, HPCs show a pattern similar to the successive changes and the interaction of miR-181, Lin28, and let-7 in K562 cells during MK differentiation. At day 6, although upregulation of miR-181a were not yet obviously upregulated because of the abundance of Lin28 and/or existence of Lin28b. In the time period from day 6 to 9, steeply increased miR-181a repressed the expression of Lin28 leading to accumulation of mature let-7s, which further decreased the expression of Lin28 and Lin28b. Although miR-181a and b decreased from day 9 to 15, the elevation of let-7s continuously enhanced the steady decline of Lin28 and Lin28b. Together with the results from the TPA-K562 model, we demonstrate that miR-181 is capable of mediating MK differentiation by repressing Lin28 and consequently upregulating let-7.
MiR-181a promotes MK differentiation. To explore the role of miR-181 in MK differentiation we transfected miR-181a into K562 cells and CD34 þ HPCs using lentivectors. Supplementary Figure S3 shows successful overexpression of miR-181a in both cell types. At 24 and 36 h after TPA treatment, there were 21.6% and 63.3% CD41/ 61-positive cells in the miR-181a-transfected K562 cells versus 5.3% and 46.8% in the control cells, respectively (Figure 5a ), which implies that miR-181 is capable of promoting MK differentiation. Another indicator of MK differentiation is polyploidization, also known as endomitosis or endoreduplication, which is a variant of mitosis without nuclear or cellular division. This event occurs in cells that contain many copies of an individual chromosome inside a single nucleus, which is recognized as a key sign of early megakaryoblasts. 20 Flow cytometry results showed that miR-181a could significantly increase the number of cells undergoing endomitosis over the control (Figure 5b) , which is consistent with a previous report in which nuclear DNA ploidy of K562 cells could rise to 4N (and even up to 16N) accompanied by increased cell volume in response to TPA treatment. 21 Additionally, we observed the inverse effect of downregulation of miR-181a on MK differentiation. By transiently transfecting the miR-181-specific inhibitor, we successfully suppressed the expression of miR-181a over two-fold in K562 cells, and accordingly Lin28 overexpression was measured at both mRNA and protein levels (Figure 5c ). Moreover, the miR-181a inhibitor significantly retarded MK differentiation as assessed by measuring CD41/61-positive rate with a flow cytometer (Figure 5d , control (83.8%) versus miR-181 inhibitor (64.6%)).
In order to further study the interaction between miR-181a and Lin28 during the process of MK differentiation, we transiently transfected miR-181a mimics into characterized K562 cells induced by TPA treatment, as shown in Figure 5e . Consistent with the results from miR-181a-K562 cells shown earlier (Figure 5a ), miR-181a mimics effectively induced MK differentiation as assessed by the relative quantity of CD41 and CD61, whereas the Lin28-K562 cells maintained a multipotent status with low CD41 and CD61 levels. Transfecting miR-181a mimics into Lin28-K562 cells increased CD41 and CD61 by abolishing the inhibitory effect of Lin28 on MK differentiation. Although miR-181a mimics cannot fully rescue the MK induction in Lin28-K562 cells resulting from Lin28 abundance, our results support that Lin28 is a direct target of miR-181a and silencing Lin28 is a key step for miR-181a to promote MK differentiation in K562 cells. Moreover, we confirmed that upregulation of miR-181a is not the direct response of cells to TPA treatment. Treating four cancer cell lines with TPA, namely MDA-MB-231 (breast cancer), HCT116 (colon cancer), MG63 (osteosarcoma), and U2OS (osteosarcoma), we did not find any significant changes of miR-181a expression in any of them (Supplementary Figure S4) , suggesting that miR-181a upregulation is one of many sequential steps toward MK differentiation rather than a direct response to TPA treatment.
We also found that miR-181a overexpression promoted the progression of MK differentiation in HPCs. After CC220 treatment, HPCs that normally grow in suspension gave rise to adherent cells with enlarged nuclei and spreading potential similar to normal megakaryocytes. [22] [23] [24] Upon observation on day 5 and 8, HPCs with miR-181a show these MK morphological phenotypes earlier than the control HPCs (Figure 5f ), which demonstrates that miR-181 is capable of accelerating MK differentiation. Taking advantage of CD34 þ HPCs containing committed progenitors and pluripotent stem cells, we further investigated the function of miR-181a in the transition of the MK linage. Flow cytometry results showed that, when induced to MK differentiation, miR-181a-HPCs have a higher percentage of CD34ÀCD61 þ cells than control HPCs (Table 1 ). The CD34 þ CD61 þ subsets are regarded as MK progenitors and CD34ÀCD61 þ are the major characteristics of megakaryocytes. [25] [26] [27] Our results showed that, on day 6, the ratio of CD34ÀCD61 þ /CD34 þ CD61 þ cells is 4.07 in miR-181a-HPCs versus 1.96 in control HPCs, which implies that miR-181a may promote the development of MK progenitors (CD34 þ CD61 þ ) to megakaryocytes (CD34ÀCD61 þ ) instead of initiating MK differentiation, as shown in Table 1 .
MiR-181a is a non-specific factor for erythroid differentiation in K562 cells. MiR-181a can mediate MK differentiation in K562 cells by directly targeting Lin28 and preventing the reciprocal regulatory loop between Lin28 and let-7. We further elucidated this regulatory mechanism in erythroid differentiation. After inducing K562 cells with hemin, the erythroid marker CD235a was increased and reached its peak at 48 h (Figure 6a ), which indicated successful induction of erythroid differentiation. In parallel, Lin28 accordingly decreased (Figure 6b ) and the let-7 family steadily increased in number (Figure 6c ). When Lin28 was overexpressed, expression of CD235a and g-globin was decreased (Figures 6d and f) , but let-7 inversely promoted the expression of these two erythroid markers (Figure 6d) . These results are similar to those seen with MK differentiation and provide further evidence that the feedback loop between Lin28 and let-7 is also involved in erythroid differentiation.
In K562 cells that stably overexpressed miR-181a, CD235a and g-globin were significantly elevated in response to hemin induction (Figure 6d ). Lin28 is also the direct target of miR-181a in the process of erythroid differentiation, as evidenced by attenuation of the positive effect of miR-181a on cell differentiation by Lin28 overexpression (Figure 6f) . Surprisingly, miR-181, especially miR-181b, maintained relatively steady expression levels across the course of hemin treatment (Figure 6e ), which implies that miR-181 might not be a natural 'molecular switch' to turn off the inhibitory effect of Lin28 during erythroid differentiation.
Nevertheless, the non-specific impact of miR-181 may point to a potential application for miRNAs in cancer therapeutic applications through promotion of cell differentiation. 
Discussion
Hematopoiesis is a life-long, highly regulated, multistage process in which self-renewing hematopoietic stem/HPCs give rise to all blood cell lineages. In this study, we showed that Lin28 expression was decreased whereas let-7 expression inversely increased during the MK differentiation process. A mutated pre-let-7a transcript can bypass the post-transcriptional control of Lin28, resulting in promotion of MK differentiation as well as an increase at the expression levels of other let-7s by downregulating Lin28. Moreover, the interactivity of Lin28 and let-7 has a similar impact on erythroid differentiation in K562 cells. Together with previous studies, 8, 9, 11, 12 our findings demonstrate that Lin28 and let-7 have important roles in hematopoietic differentiation.
MiRNAs have been demonstrated to have important roles in many biological events such as development, differentiation, apoptosis, and tumorigenesis. Single miRNAs have been shown to regulate hundreds to thousands of cognate genes at the translational level; likewise, a single gene can be targeted by multiple miRNAs. For example, the 3 0 -UTR of Lin28 mRNA includes as many as 3270 nucleotides that provide plenty of potential binding sites for miRNA regulation. TargetScan predicts that there are 15 miRNA-binding sites within the conserved 3 0 -UTR sequence of Lin28 in all vertebrates, and that 195 miRNAs potentially target human Lin28. This prediction suggests that individual miRNAs may regulate Lin28 to achieve specific cell lineages in different manners. Lin-4 was the first characterized miRNA, and it has also been shown to bind to the complementary sequence within the 3 0 -UTR of Lin28 mRNA and regulate its stage-specific activity. Deletion of the lin-4 complementary sequence produces a dominant gain-of-function phenotype of Lin28 and causes delayed development in animals. 28 Additionally, elevated expression of miR-125 during human neuronal differentiation of embryonic carcinoma cells was found to be attributed to the downregulation of Lin28 by binding to two conserved miR-125-responsive elements within the 3 0 -UTR of Lin28, which caused a reduction in the translational efficiency and mRNA abundance. 29 In this study, we first report that miR-181 can target Lin28. During MK differentiation, miR-181 alters ahead of Lin28 and let-7; increased expression of miR-181 may promote cell differentiation by downregulating Lin28 and sequentially elevating let-7. MiR-181 is preferentially expressed in the B-lymphoid cells of the mouse bone marrow, and ectopic expression in hematopoietic stem/HPCs was shown to lead to an increased fraction of B-lineage cells in tissue culture differentiation assays and in adult mice. 30 Expression of miR-181 generally decreases, thus causing its target gene, T-cell leukemia/lymphoma-1 (TCL1), to be expressed in B-cell chronic lymphocytic leukemia (B-CLL) samples. Overexpression of the oncogene TCL1 is reportedly a critical causal event in the pathogenesis of the aggressive form of B-CLL. 31, 32 The question whether Lin28 involves the effects of miR-181 in this mouse model requires further investigation, although these results support the importance of miR-181 in cell differentiation.
Recently, evidence provided by miRNA array profiling data demonstrated elevation of miR-181a and miR-181b during MK differentiation of K562 cells; however, the function and mechanism of miR-181 on MK hematopoiesis remained unknown. 33 In this study, using K562 cells and CD34 þ HPCs, we verified that upregulated miR-181a is capable of specifically promoting MK hematopoiesis, especially involving the transition of MK progenitors to megakaryocytes, through disruption of the feedback circuit between Lin28 and let-7. However, miR-181 was obviously not responsible for inducing erythroid differentiation, which suggests that it is not a specific factor in erythroid hematopoiesis like Lin28 and let-7.
The oncogenic characteristics of Lin28 and its homolog, Lin28b, have been recognized because of the poor prognosis in different human cancers associated with their elevated expression. 19, 34 Lin28 can also stimulate cellular transformation, 19 facilitate cancer cell metastasis, 34 and improve chemotherapeutic drug resistance by interfering with oct4. 35, 36 It has been noticed that expression of an oncogene, c-Myc, is associated with frequent absence of let-7 in most of the prevalent human cancers, 37, 38 and restoration of let-7 is projected to prevent tumorigenesis.
14 Taken together, Lin28 seems to have a central role as a pluripotent factor in maintaining a low differentiation stage, which is essential for tumorigenesis. In this study, Lin28 has demonstrated a significant impact on both MK and erythroid differentiation. As presented above, inhibition of Lin28 using let-7, miR-181, or other miRNAs can assist cells in moving toward high differentiation stages after induction. Unlike let-7, miR-181 may not be a specific marker that is naturally involved in erythroid differentiation; however, enforced elevation of miR181a expression in K562 cells still effectively downregulated Lin28 and drove cells toward erythroid differentiation. This result demonstrates the feasibility of targeting Lin28 using specific or non-specific agents such as miRNAs for future therapeutic use.
In summary, our results demonstrate that miR-181 functions as a 'molecular switch' to turn on the Lin28 and let-7 circuit in the maintenance of cell differentiation. This study will improve our understanding of the mechanisms of miRNAs' diverse involvement in cellular processes at different levels and emphasize future miRNA-oriented targeting therapy.
Materials and Methods
Cell culture. The K562, PA-1, HCT116, MDA-MB-231, MG63, U2OS, and 293TN cell lines were incubated at 37 1C in a humidified atmosphere of 5% CO 2 using various media supplemented with 10% (v/v) fetal bovine serum (HyClone, Logan, UT, USA). Details are provided in Supplementary Table S1 . Frozen human umbilical cord blood CD34 þ progenitor cells and the associated reagents, including StemSpan SFEM defined medium and the cytokine cocktail CC220, were purchased from StemCell Technologies (Vancouver, BC, Canada). CC220 contains a combination of recombinant human cytokines (thrombopoietin, stem cell factor, IL-6, and IL-9) formulated to support the expansion of megakaryocyte progenitors and the production of megakaryocytes and platelets in cultures of human hematopoietic cells. TPA and hemin (Sigma-Aldrich, St. Louis, MO, USA) were used for induction of MK and erythroid differentiation by using concentrations of 15 mM and 25 mM, respectively.
Lentivector construction, packaging, and cell infection. Target fragments containing the sequences for pre-miR-181a, pre-let-7a, or Lin28 ORF were ligated with the self-inactivating transfer vector plasmid pWPXL. The primers used for construction, reverse transcription (RT), and PCR are summarized in Supplementary Table S2 . Two micrograms of each construct were co-transfected into 293TN cells using 10 mg of a packaging plasmid mixture (System Bioscience, Mountain View, CA, USA) according to the manufacturer's instructions. The lentivirus-containing supernatants were collected, filtered, and concentrated by PEG precipitation (System Bioscience) at 48 h after transfection. To establish cells that stably overexpressed the target genes, K562 cells were infected with the respective lentivirus and then sorted at least 72 h after infection using a BD Biosciences (Bedford, MA, USA) FACS Aria II cell sorter. A total of 3 Â 10 5 CD34 þ hematopoietic progenitor cells (StemCell Technologies) were infected with a hightiter, miR-181a-expressing lentivirus overnight. Cells were then rinsed with phosphate-buffered saline (PBS) and treated with the CC220 cytokine cocktail to induce MK differentiation.
Quantitative real-time PCR. Total RNA was isolated by using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to our established protocols. 39 Two micrograms of total RNA were used for cDNA synthesis using a high-capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA, USA) in accordance to the conditions described previously. 39 Random primers were used for mRNA RT, and specific primers were pre-designed for the miRNA RT reactions. qRT-PCR was performed using a Bio-Rad IQ-5 real-time PCR System (Bio-Rad, Hercules, CA, USA) using a SYBR master mix (Roche, Indianapolis, IN, USA). The reaction mixture containing 10 ml of 2 Â SYBR master mix, 1 ml of primers, 1 ml of cDNA, and 7 ml of nuclease-free water underwent 30 PCR cycles consisting of denaturation for 10 s at 94 1C and annealing and prolongation for 30 s each at 58 1C. Gene expression was analyzed by the 2 ÀDDCT method. 40 GAPDH and U6 were used as the endogenous controls for relative quantitation analyses for mRNA and miRNA, respectively.
Luciferase reporter assay. Luciferase reporter plasmids were constructed by inserting the target 3 0 -UTRs of Lin28 downstream from the luciferase gene in the pMIR-REPORT vector (Ambion, Austin, TX, USA). HCT116 cells at a density of 1.2 Â 10 4 per well in 24-well plates were co-transfected with pMIR-REPORT luciferase reporters and miRNA precursors (Ambion) using the Lipofectamine 2000 reagent (Invitrogen). Twenty-four hours after transfection, cells were harvested and lysed with passive lysis buffer (Promega, Madison, WI, USA). Luciferase activity was measured by using a dual luciferase reporter assay (Promega).
Differentiation determination. The specific markers for hematopoietic lineage were examined by both qRT-PCR and flow cytometry. Previously described protocols were used for qRT-PCR. For flow cytometry, cells were immunostained with 1 mg of CD34-PE-Cy7, CD41-Pacific Blue, and CD61-AF647 antibodies (BioLegend, San Diego, CA, USA) and analyzed on a BD Biosciences FACS Canto II flow cytometer. To detect the formation of a polyploid nucleus during MK differentiation, cells were fixed with 75% ethanol, resuspended in cold PBS, and stained with 0.5 mg/ml propidium iodide for 30 min after RNaseA treatment. Finally,
